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FORBWORD 


This  voxk  dODe  under  BuVfspe  Task  Aasl^OMit  Ho.  RAV32F022/3111/ 
FOOe-13  003,  JiDb  Order  Ho.  6327;  BuHope  Task  AsBlgnent  Ho.  nOA-3Mll»/311l/ 
F009  03  002,  Jbb  Order  Hb.  6333;  «A  BuWepe  Tatfk  Aaslffaent  Ho.  RAV32ro2l/ 
3III/POO2-I3  003,  Jbb  Order  Hb.  6326.  Tbf  report*  Ueted  In  the  referenoee 
have  been  helpifui  to  the  author  a*  Istrodhtetory  naterlal  00  the  subjeet  of 
Inertial  narlgatlon.  Ihe  aath—atioal  relationa  aed  bQiatlQB*  have  been 
reviewed  by  Mm  B.  Chanegr. 


The  preeent  paver  develop*  Inertial  gnldaaice  aquation*  for  the 
•ngniay  velobltle*,  the  linear  velo^tle*  and  the  ocnvonent*  of  ^ 
aeeeleratlon*  far  different  pLatfone  vertiaal  and  a«tnth  ocablnation*. 
natfbm  vertiaal*  Inolude  aeoeentrla,  aaa*  attxaation,  and  fBodetio,  thldi 
are  eoAlaed  with  free,  north  alavnd,  and  frid  tppM  of  aaUntti  torvdng. 
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van  RBora  fs-31 


ppRODOcCTaiy 


Itertlal  QAvleatiaii  eiqplogrs  m  IxMirtlal  Ispnt,  output  ^rotan 
tompoead  of  a  ooavutar  and  a  giiitoaHad  platfom  oontatiring  gyxoa  and 
aaoalaronatera  anuntad  along  tha  axaa  of  tha  aaaauranaat  ay^taa.  Sia 
aaoalarceatara  oomotantly  naaaura  aoealaratlon  la  tlila  ayataa  of  aseaa^ 
alildh  la  xa^red  to  hava  a  knoan  oadaatatlon  vltb  vaqpaet  to  laaitlal 
apaoa.  Oia  ooavatar  la  uauaUy  rafaraaoad  to  aairth'a  Inngttiida  and  latltuda, 
or  to  aoma  otter  zafiaranoa  fTama  haring  knom  apaoa  and  tlna  orlantation 
alth  raapaat  to  the  waaauTaiint  aaaa  ayataai.  Oranrltgr  eoagonanta  am 
raffilvad  at  all  tlaaa  la  both  mfamnea  aooas  asratam.  fte  foUaalag  paper 
daaerlbaa  alaa  platfocna^  each  rapraaoxtlac  one  poaalbla  eoai>lnatlco  of 
thraa  aatimth  orlantation  ayatana  (north  alavad,  fTaa  aslasth,  grid)  and 
thma  varbloal  rafaraoMa  (gaocaatrle,  naaa  attraotlon,  phni>  Una). 
NalteMtlecJ.  aaqpraaalflaa  for  aahh  platfora  am  darlrad  for  tte  aooalaratlaa 
oonponanta,  aagalar  rataa,  and  llwaar  and  groond  mlooltlaa. 

Tha  noat  laportant  pvohlen  la  laartlal  nacvlgatloa  la  tte 
aatabUateHt  of  tte  laral  plana  thronipk  a  point  abom  tte  Inth,  liiloih  la 
rapmaantad  approortnataly  by  an  larth  mfaranoa  alUpaold.  Platfoni  laval 
la  daflaad  by  tte  Oholea  of  tte  nonal  or  Tartleal^  thloh  mgr  ba  gaoeantrla# 
tunning  thxoui^  tte  oantar  of  tte  mfamnea  aUlpaoid  or  noa-gnooMitrle, 
Intaroaptlag  tte  polar  axla  out  of  oantar.  Tte  dlmetlooal  aolneldanoa 
of  tte  nocnal  vlth  tte  naaa  attmotlon  la  aaUad  tte  aaaa  attraction 
mrtloal.  Tte  rartloal  taten  naanal  to  tte  anrftea  of  Ite  rafamnaa  alUpaolA 
is  — tte  pMdatis  mrtlanl. 
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I.  QHggmizBD  aoumxm  for  HPN-QBxaaicRic  vbhmcal 


A.  THE  COORDINAFB  SX8TEM3 


!I!be  rlgjbt  handed  ooorllnate  syatan  (x  ,  y  ,  t)  la  fixed  vlth 
moving  platform.  Cie  %  axia  eorveqponda  to  the  vertloal  and  la  dlreoted 

downuard.  The  plane  (x  y)  deflnaa  the  plane  of  a  i^latfonu  The 
ooordinata  ayatem  (x*  «  y*  >  a* )  la  paraOlel  to  {x  ,  y  ,  %)  and  origin 
oolnoldea  vlth  canter  of  the  Serth.  (x^  »  ^  ^  Inertial  eyatam, 

fixed  In  apace  vlth  reapeet  to  a  atar. 

Let  I  «  3  *>ad  C  he  unit  veatora  reapeotlvely  vlth  x  ,  y  ,  t 
axea  or  x*  «  y'  «  a*  •  and  £  are  unit  vaotora  along  x^  ,  y^  #  a^ 

axaa«  reapeotlvely. 

aeoantrloal  relaticnahlp  betvean  the  enordinate  ayatema  la  ahoun 
In  Flgere  1. 


B.  TRARSFCBMAnXEI  OP  THE  URET  VECEOBS 


Let  e^i^  ,  iBj^  «  he  the  dlreotional  eoainea  vltti  eoarreapondlng 
ailbaorlpta  X  •  1  ,  Z  ,  Z  •  Ebaht 


(1.1) 


The  moving  coordinate  ayatem  (z*  y*  a')  oan  he  hroui^  to  the  ayatem 
(Zj  y^  s^}  hy  the  three  rotatlonat 


(1)  The  rotation  throuj^  angle  C  ahout  a'  axla  hrlnga  fie*  In 
poaltlco  Ev*  . 

(2)  The  rotation  through  angle  9oP  about  Iv*  hrlnga  a*  Into 
oolncldenee  vlth  a^  . 

(3)  The  rotation  throu^  angle  90^  •  1  about  a^  azla  hrlnga  x*  and  y* 
Into  oolneldance  vlth  x^  and  y^  ,  reapaetlvely. 
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Flnallgr  tb*  diraetlon  ooslxiM  w«t 


0 

1. 

m 

-  aln 

aln  1  - 

•a 

m 

aln 

000  1  - 

•3 

m 

000 

000  X^ 

a 

X 

m 

-  000 

ata  1  ■*> 

■ 

000 

000  1  <«■ 

a 

3 

m 

-  ala 

000  X^ 

a 

X 

m 

-  000 

000  1 

n 

m 

-  000 

K 

ala  1 

■  .  aiB 


00*  sla  000  1 
eoi  sia  tin  1 


0ia  A^  0la  X^  000  1 
0ia  0ln  X^  0ia  1 


(1.2) 


(1*3) 


(1.^) 


Bm  dlvootioa  OO0I1100  otro  tmncMam  odT  A|,  »  X^  anA  X  00  aoon  txm  Ite 
offiatiaao  (1.2),  (1.3)  anA  (1*4).  *  ^ 

0.  KBirioi  mrot 

JdBt  _  Pj)^  'be  tbm  pooltloo  Toobor  tram  the  oaqber  of  lagrth 

to  tbm  platfbza  P  vlth  vaavoet  to  Xnertial  ^pooo.  Bw  ooavonanta  along 
X  ,  j  anA  a  aoBoa  oan  bo  evltton  for  alqplloilqr  In  tbo  form 

'‘“l.-PjJllx-'W. 

*^*11  -  p]^iV  *  ***»■ 

‘<*ci  -  Pi  V.  ■  *»» 

Bm  poaltlon  Taotor  of  a  platfoona  P  In  texno  ot  x  ,  j  anA  0  la  dwaen 
ao  that 
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«lip  -  -  &IBt  -  ffHSr  • 

The  magnitude  of  the  laeludes  redlue  of  the  Buth  and  altitude  of  the 

platfomt 


Rip  -  R  +  >»e 

vhexe  the  aubaorlpt  e  denotea  gaooeatrle  and  R  la  the  radina  of  the  Barth 
for  the  point  F  • 

D.  ARQULAR  VBL0C1XZB3 

let  V  be  angiler  iraloeltgr  of  the  aovlBg  ayetea  P  vlth  raapaot 
to  inertial  apaee*  The  ooaqpoineBta  of  that  on  x  ,  y  and  a  axes  arei 

ii:  ,  iL  aad  v.  ,  reqpeetl^lar. 

»  y  s 

■a»  u  th.  i^i0a»  r>to  of  th.  iMh  .dth  to 

apeee  and  the  oo^ponenta  along  x  ,  y  ,  z  aret 

hx  *  ^  *  hz  • 

The  la  tha  *  ^looity  veetor  of  the  platfbni  reletlau  to  the  Bvth 

aurfaoe  and  the  eoayonenta  along  x  ,  y  ,  a  axaa  arai 

Qeneral  angnlw  Taloelty  Taotor  ot  a  platfona  let 

¥  -  Vj  +  ^  (1.6) 
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^  angmler  ‘velocity  vector  of  piKtfoni  P  la  texme  of  unit 
vectors  can  te  expreasedt 

w  -  +  SVy  +  6r^  (1.7) 

Ihe  OorlolLs  Imt  glvest 

(*>1  -  K  (I)p  *  « 

£  -  «£  (1.8) 

PXoa  (1.7)  and  (1.8)  after  evaloatlng  vector  cross  prodnots  ee  havet 

£  -  (£v^  ♦  Swy  +  fcrj)*£ 
or 

£  -  -  fcfy  (1.9) 

likevlae 

3  •  -  £v^  (1.10) 

and 

E  -  £vy  -  (1.11) 

(1.9)  is  sultipUed  ly  £  «  (1.10)  Is  nultlpUed  ty  £  and  (1.11)  Is 
miltlpUed  ty  3  anl  after  evaJuatlag  cross  products  ve  ottaln: 

3*£  -  Jwjj 

£x3  -  EWy  (1.32) 

h&  ■  £w 

2 
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Uslag  the  traasfometloo  (1*1)  hove  the  veetor  unite  of  the  x  ,  y  and  a 
ulth  respect  to  Inertial  spaoet 

£  -  fc,  +  +  ife, 

X  a  3 

(1.13) 

K  •  fix.  -f  fix.  4>  fix 
X  a  3 

The  dexlTBtl'veB  of  the  (1*13)  vlth  renpeet  to  Inertial  epaee  arat 

i  -  B  +  3i  +  a 

X  8  3 

j  -  fi^  +  +  i&l^  (1.1^) 

i  -  I&  3&  S& 

X  a  3 

de.  dSL  dn^ 

there  \  “  TFT  1  ■  1  #  2  ,  3  . 

Substitution  of  (1*13)  and  (l«l4)  Into  the  (1*32)  stTSs  IdMitltles  vlth 
respeot  to  I  «  7  and  S  t 


(fid^  +  +  fBi!i^)  X  (IBj^  +  3a +  &^)  *  (fin^  +  +  ®®3^x 

3^2  *  ^^3)  *  (^x  ^a  ®*3^  ■  ®*3^y 

(Bi  +  3d,  ♦  K*,)  X  (fii^  *\*  fia,)  •  (t»^  ♦  S*^  + 


BToatlng  ooefflelents  of  either  t  ,  3  or  K  ue  obtain: 


*.  ■ 


2  3  3  2 


•dm  -t’  fl  B 

X  3  3  X 


d  n  •  d  n 

12  a“i 


(1.15) 

(1.16) 

(1.17) 


Substituting  corresponding  direction  cosines  and  their  derltatlTBa  «e  obtain: 
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Vjj  -  -  eln  A^  +  1  ooe  Aj^  ooe  (l.lB) 

iry--l|^ooeAj.-ielnA^ooeI^  (1*39) 

-  i  ela  (1.20) 

'vhere  ansnlar  rate  of  tbm  ]>]atfoni  alth  reapeet  to 

Barth  aiarfaee  and  a^  ■  laartlal  BMeth  rata. 

Oka  aqaatloaa  (l*38)»  (1.39)  (1.20)  rapraaaat  the  unUr 

reloellgr  eoaponanta  In  BHieral  fona  taA  anpileiMe  to  aagr  tppa  of  aartloal. 


B.  I21BAR  YlEOCmEB 

9ie  Ittiaar  aalooity  of  a  platfom  with  raqpaet  to  Inertial 

(»)i  ■ 

****^«g  derlTatlaa  fMn  (1.5)  vlth  reapeot  to  Inertial  qaoa  aa  haaat 


(1.21) 


darimtiaaa  of  Hbm  mlt  aactora  are  glaan  hy  (1.9)»  (1*30) 
tharaftaa  (1.2fi)  haoonaat 


(1.82) 

(1.11), 


(x^) 


in  texaa  of  x  ,  7 


a  t 


(tlj  -  l\  +  3Vy  + 


(1.2^) 


let 
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She  eqaatloas  (1*23)  and  (1*24)  gtm  tba  Malar  ooqpooeota  of  13ie 
liJMor  veloollqr  of  a  jCLatfioni 


\  "  '^•^EPy  “  V®*  ‘ 

(1.25) 

\  “  VWa  “  "  ^Oy 

(1.26) 

\  “  V®*  “  ^3^*Py  "  ^XPz 

(1.27) 

Hie  linear  Taloelty  of  platfbm  oan  lie  irplit  la  tba  BoagoBawtai 


[^)l  -  (1.28) 

vbere  aurfaoe  Mloeltgr  vlth  reaipaot  to  inertial  maoe  and 

>  platfom  veloeity  vitii  reapeet  to  ■Mrth'a  anrfiaee  (ipranad  Mlooitg). 
The  Inertial  Mlooitjr  ocagonentat 


a 


*  ^0* 


(1.2ea) 


idiere  •  0 


Analyslag  tha  taxna  tf  (1.23),  (l*a8)  and  (1.27)  ae  find  (See 

Figure  2*a«) 


*»  * “k  \ 

*Et»  ■■®BP  •*“  °k  ^ 


."0 


lOT  RLi-01\T  Tn-31 


FIGUPiE  3.  Platfom  horizontal  pirn's 
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end 

*g»’  JE  ■*"  “k  «*  V 

*Dy  *  *  ®  •*“  “k 

K<*B*““k> 

The  peramster  defines  the  type  of  Tertieal.  For  geooentrle  vertleal 
a^m  0  .  MBadnm  value  of  takes  pOaoe  for  geodetic  vartloali 
"  0^  •  Fl«a»i  2<4).  ve  can  flndt 

cos  L 

•V*  "W  SSSTT  (!•») 


North  ground  valodly  coagnoent  let 


VbP°” 

ooa 


(1.32) 


and  east  ground  valoelty  ccagionent  let 


Fron  Figure  3  ve  can  find: 

V ’bi  \ 

or 

^EA  -  ^GX  \  *  V 


(1.3^) 


(1.3'») 
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On  basis  of  the  relatlcnahips  (l.28a)  ee  can  eqprass  tlia  Inertial  velodtlest 

■  'V  *  ‘k  \ 

(1.35) 

(1.36) 

and 

■  V 

''OB 

(1.37) 

F.  AOCEUBRATlDn 

The  aeoeXaratlon  of  plAtfoza  vlth  reapaet  to  ixwrtlol  qpooe  and 
tha  mass  attraction,  field  can  Im  eaparaaaad  aa  foUowat 

•  -  (^>1  +  \  (1*36) 


vbara  k^o,  n  ,  p  ; 

e  "  for  gaooentrlo  ^mrtieal 
■  ■  for  OMB  attraction  vertical 
F  ■  for  pAoidt  Una  vertical 

dcoeleratlon  vector  la  tenoa  of  the  nnlt  vectors  of  ooosdlnate  ejretan 
(x  Y  z)  and  tba  scalar  ucwpooeutsi 

a  -  £aj^  +  3i^  +  ka^  (1.39) 

The  second  derivative  of  p^ltlon  vector  (l«9)  eltb  reaipect  to  Inertial  ^paca  Is 

(^)l  ■  "  'V^'Wz  * 

*  3(-  +  VWz^ 

^EPz  ’  "^7^^  * 

*  *  ^Z^W  ^z^EIV  “  VePz  " 

*  3[+  ygPz  *  "  ^z^EEtc  “  ''z^EEtc  "  ®Eiy^ 

*  V'eP*  *  'V^ERc  "  VW  "  “  ®HPz^  (1.^) 
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Itatvoduolng  (l.9)»  (1*11)  (l*^)  Into  (1*38)  and  oomparlng  vlth 

(l«39)  ^  l>nv<a  the  convoneote  of  the  MoeIsx«tiaa  of  plKtfoamt 

-  *  ’V*®z 

*  ♦«‘W  -  Vsp.  ■  V^Aip.  ♦  VW’  *  “ta 
•y  ■  -  V  *  ®  ’'Ap.  -  2  »,*Br 

■  *  VW*  ■  V  Vb*  ■*■  *i®SP*'  ■''  %r 

•.  ■  - '4pz  ♦  <4  *  2  ViP*  •  ®  ’Aiy 

■  Vay  *  V*®*  *  ’'i^’y’ajc  *  VW^  *  (i-'*3) 

0.  RADIQ5  OF  OBE  EAKEH  AHD  MASS  ASETRACmOff 

Aeeomliig  the  Barth  Is  aa  ellipsoid  wa  dstenaliie  the  radius  of  Earth 
as  ftmetloa  of  geocentric  latltudet 

R  .  a(l  +  sla*  L  r  * 

h*  ® 

vhere  a  •  eqiuatorlal  radius, 

h  "  polar  radius 

Finally 

,ln»  1^)-  i  +  (1,1*5) 

D 

Hess  attraction  Teotor  can  he  dbtalued  hy  the  gradient  of  the  gravitational 
potential  of  the  non-rotating  Earth  elUpsoldt 

G  »  grad  V 

vhere  V  -  +  J  -2—  (-  -  sin**  L  )  ,  (1.^7) 

®EP  ^ 

1I^ 
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and 


^  -  979.83323  gala 
®  a* 

J  -  .001537 


!Ehe  radial  oonpooent  of  maas  attxaotloa  la 


(1.W) 


Differentiating  gravitational  potential  (1.47)  ve  havet 


(^-^  +  -^(l-3sln'*L^)  (1.1.9) 


The  noxnal  oongnnent  to  la 


1  dV 


•>  »Br 


or 


sin  L  cos  L 
c  c 


(1.50) 


(1.51) 


To  give  gravity  the  centrifugal  acceleration 


w|  cos  L. 


must  be  Included. 


Finally 


8  -  ^  ^c  ® 


(1.52) 
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H.  LATIirUDE  CONVERSION 


Hio  angle 

la 

vertical  or  we  oay 


separatee  mass  attraction  vertical  from  geoomtrlc 


Figure  4. 


As  It  Is  seen  from  Figure  4*  we  havet 


tan  c  ■  ~ 
m  0 


(1.53) 


or 


tan  -  L^) 


-  2  ja  Bln  L  cos  L 

o  c 


+  ja*(l  -  3  sir?  L  ) 

C 


(1.54) 


SSie  eqnatlon  (1.5^)  ndg^t  "be  used  to  convert  the  geocentric  latitude  to  the 
mass  attraction  latitude.  lAie  solutlcxi  for  the 


\-^c 


arctan 


-  2  Ja^  sin  L  cos  L 

[ - S - S - ] 

rJp  +  ja*(l  -  3  0la*  L^) 


(1.55) 
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With  the  meridional  section  throuj^  point  P  (Figure  ^.)  ve  can 
detexmlne  the  angle  Op  betveen  geocentric  yertlcal  and  geodetic  vertical 

for  point  P  above  the  Earth  surface. 


P^T  Is  level  due  to  g  .  g  Is  normal  to  ellipse*  nie  eqjuatlon  of  the 
meridional  elUpse  thxou^  the  P^  Is 


u 


2 


(1.56) 


Differentiating  (1*^)  with  respect  to  u  we  have 


dv 


du 


(1.57) 


a*v 


^e  negative  inverse  of  the  slope  of  the  tangent  P^T  at  given  P^ 


Is  tan  Ip  f  therefore  from  (1*?7)  we  have 


4.  T  a% 

tan  Ip 

^  b*u 


(1.58) 
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but 


V 

u 


taa  L_^ 

CO 


(1.59) 


IVom  the  eqiiatlons  (1*^)  and  (1*^)  vo  obtain  the  conversion 
expression  for  the  geodetic  Istituds  of  the  point  P  on  the  surface 
of  the  Earth:  ^ 


CO 


1 


(1.60) 


The  P  Is  elevated  at  eOtltude  hp  f 


therefore 


L  differs  from  L  ^  . 
e  CO 


From  the  triangle  EFP^  (Figure  ?.)  ve  have 


■  .in  ( V  teo) 


or 


h_  .In  (L,,  •  L  ) 

.in  (1  -  L  )  .  —2 - 2 - S2 - - 

0  “  hp  +  n(l  *  sin'  L^)-» 


(1.61) 


The  hp  Is  indicated  by  the  inertial  system.  The  can  be  computed  by 

the  equation  (l.6o).  Solving  the  equation  (l.6l)  for  L  ve  find: 

c 


L  ^  +  arc  sin 

CO 


^  hp  sin  (Ip  -  L^^) 
hp  +  a(l  +  e^  Bln^ 


(1.62) 


'ffacre 


b* 
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H.  GEOCEtTERIC  VERCTCAL 

The  oonslderatlon  that  0  leads  to  the  following  results: 

vertical  coincides  with  radial  distance  R^  and  position 

of  a  platfom  Is  detexmlned  by  the  values  of  the  geocentric  latitude  L  t 
longitude  Ip  and  position  vector  R^  .  The  heading  angle  determines 
direction  of  moving  system*  flhe  oomponentB  of  radial  distance  ore: 

®BPx  "  ®  "  ®Eap 

end  derivatives  become:  R^p^  -  ^  “  '4py  “  ° 

Applying  **  bo  the  egjuatlons  (l.lS),  (l>3d}  (1*20)  we 

have  the  angular  velocities  for  geocentric  vertlcsJ.: 


•  • 

w  ■  -  L.  Bln  +  1  cos  A  cos  h 

X  c  c  c  c 

(2.1) 

V  ■  -  i  C08  A  *  i  K  cos  L. 

y  c  0 .  0  0 

(2.2) 

•  • 

w  ■  A^  -  1  Bln  L 

Z  0  c 

(2.3) 

Introducing  geocentric  vertical  conditions  Into  the  eqaattloos  (1*2^) 
(1.26)  end  (1.27)  we  have  the  Inertial  velocities 

’'l  ■  -  VW  ■  ''(Sc  *  Ve  h  ’l” 

(2.4) 

’V“  Vkp  -  "cir  *  Ve  ““  *o 

(2.5) 

’'oz 

(2.6) 

The  ground  velocities  ore: 

(2.7) 
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I.  HEADING  ANGLE 


The  aiigle  'betveen  the  meirldloual  plane  of  the  P  and  the  plane 
'built  a  vertical  and  the  velocity  vector  axid  measured  in  the  level  plane 
of  the  corresponding  vertical  la  the  heading  angle.  ll>e  comnon  esqxresslon 
of  heading  angle  la 


^  «*  arc  tan 


[^1 

''n 


(1.63) 


flhe  heading  angle  la  catoposed  from  tvo  angles, the  azlnuth  of 
platform  A^  and  'bearing  angle  (Figure  3* ): 


(1.64) 


As  ve  can  see  from  (Figure  3.)  'the  bearing  angle  la 
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XL,  GEQCEtTERIC  VERCTCAL 

Tbe  ooxislderatlon  that  ”  0  leads  to  the  following  results: 
vertical  coincides  with  radiol  distance  R^  and  ■■  position 

of  a  platfoxn  la  detexnlned  hy  the  valuea  of  the  geocentric  latitude  L  , 
longitude  Ip  end  position  vector  R^  .  Ihe  heading  angle  detennlnes 
direction  of  moving  system.  The  eonponents  of  radial  distance  aaret 

®EPx"^"°  *  ®EPa“®BP 


end  derivatives  hecome:  ^  -  *1^  -  0 


Applying 

I.  ■  L  to  the  eqiuatlons  (l.lS),  (1.19)  a>od  (1.20) 

we 

have  the  angular  velocities  for  geocentric  vertlcail: 

V  «  -  L  sin  +  i  cos  A^  cos  L 

X  c  c  e  c 

(2.1) 

V  «  -  i,  cos  A  -  i  sin  A^  cos 
y  e  0.  0  0 

(2.2) 

•  • 

V  •  A_  -  1  sin 

Z  0  c 

(2.3) 

Introducing  geocentric  vertical  conditions  Into  the  eqjaatlODS 
(1.26)  and  (1.27)  we  have  the  Inertial  velocities 

(1.25) 

\  -  -  VeP  "  ’'gx  *  Ve  h  ^ 

(2.1^) 

'V  “  VW  ■  V  *  ’W''e  '•c  *c 

(2.5) 

V  a  V 

Qz 

(2.6) 

The  ground  velocities  ore: 
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^EA  "  ^  ^  ^c 

(2.8) 

then 

(2.9) 

\  Bln  A^  -  cos  A^ 

(2.9a) 

and 

^Oz  -  -  V 

(2.10) 

Observing  all  the  conditions  for  geocentric  vertical  ve 
the  simplified  acceleration  components  from  the  equations  (l.4l), 

(1.43): 

obtain 
(1.42)  and 

\  -  -  VeP  *  V.'W  -  2  *y%  “x 

(2.11) 

V  -  *x®EP  -  Vx*a-  *  ®  "Ap  *  % 

(2.12) 

*.  •  <''x  *  “P  *w  ■  V 

(2.13) 

A.  NOm  SIAVED  TLKnFOm 

Assuming  the  azliouth  angle  is  zero 

A  -  0 
c 

vs  slave  the  platform  to  the  north.  Hie  angular  velocities  hecome: 

V  «  i  cos  L 

X  c 

(2.IA) 

1 

■ 

(2.15) 

V  •  -  1  sin  L 
z  c 

(2.16) 

Litrodaolug  1  *  ip  +  and  the  ground  velocities  from  (2*7)  and.  (2.8)  Into 
the  equations  (2.l4),  (2.1$)  and  (2.15)  ve  have: 
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EA 

v„  -  S==  +  V„  008  L 


(2.17) 


'V  “  “ 


(2.U3) 


'^8  •  “  ’'e  ®®*  ^  ^0 


(2.19) 


To  keep  the  platfoxm  slaved  to  north  and  In  level  with  reqpeot  to 
geooentrie  vertloal  the  gyros  Should  he  toonpied  at  the  following  retest 


The  north  gyrot 


BA 


‘•‘IS 


(2.20) 


The  eest  gyrot 


^“4 


(2.21) 


The  vertical  gyroi 


’ea 

tw  •*  tan  L  V  sin  L 
^  Rgp  c  E  c 


(2.22) 


The  linear  velocities  can  he  expressed  In  the  formt 


V  -  V* 
X  H 


Ve  “•  ‘■o 


V  ■  V  ■  • 
Z  Oz 


(2.23) 

(2.24) 

(2.25) 
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The  latitude  of  position  can  be  eosiputed  from  equation  (2.23),  this  gives: 


*■0- 


dt 


(2.26) 


Solving  the  equation  (2*8)  for  3^  and  Integrating  as  tlse 
function  we  obtain  the  Isngltude  of  position: 


i 


'EA 


®EP 


cos 


dt 


(2.27) 


The  altitude  h  of  the  platform  can  be  conq;uted  from  the 
eqiiatlon  (2.25): 


^O 

«tii^ 


^  -  «EP  -  « 


(2.28) 


Analyzing  the  exptresslons  of  acceleration  (2.11),  (2.12)  and  (2.13) 
due  to  north  slaved  condition  we  have: 


V  V  V* 

.  .  V  -  ^ 


^  tan  +  2  Bln 


+  sin  L  cos  L  + 

HP  E  c  c  X 


(2.29) 


-V- ^  2  Vj  cos  L„]  -  ^ 


V  V 
EA 


2  Ve  ^c 


(2.30) 
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aod 


V*  +  V* 

-  ^0.  * *  a  We  «“  I’o 


+  ^‘flP^E  co*“  \  +  0* 


(2.31) 


Hi  oan  Introduce 


8x- 


Bin  L  cos  L  +  0^ 

a  0  OX 


and 


,  COB  L  ♦  0. 

E  C  C 


FTon  the  eqnatlonB  (2*29),  (2.30)  and  (2.31)  ve  can  find: 

^  eomponent  la  aenaed  ty  north  aocelerooieter. 
^  aeceleromater  ahould  be  tori^ed  vlth  the  following  algnalt 


A._  y^) 


cex 


(2.32) 


Ihe  a  la  aenaed  by  eaat  aeoelaroa»ter»  Ibe  aocelexoneter  ahould  be 

y 

torqued  at  the  rate: 


ccy 


(2.33) 


The  vertical  acceleration  a  la  aenaed  by  vertical  aeceleroaDter.  The 
torqulng  rate  la: 


^ccz  “  ” 


(2.3^^) 
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B.  PTOSE  AZIPKEH  FZAXPOIM 

Bo  ugHlar  rate  exlats  fior  asluith  ftee  platform  along  z  axle, 

therefore 


w  •  0 

B 


the  eqioetlaQ  (2.3)t 


(2.35) 


IMegratlxig  the  equation  (2*35)  ve  find  the  ei^poreesiaa  to  ooegute  azlauth 
anglat 


% 


(2.36) 


Other  two  angular  Teloeltlea  along  x  and  j  axes  axe,  reqteetlTaly: 

•  -  lyj  ala  +  ip  ooe  ooa  +  ir^  ooa  A^  ooa  (2.37) 


Vy  -  -  coa  A^  -  ip  eoB  ala  A^  -  Vg  ala  A^  ooa  (2.38) 

or  la  the  texna  of  ground  Teloeltjrt 

’'i  ■  -  ^  *o  *  *c  *  ’e  *0  “’"•c 


■  +  w_  cos  A.  00.  L 

ECO 


(2.39) 


and 


V  ■  - 

y 


ox 


>  v„  Bln  A.  ooa  L 


(2.1»0) 
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Tlio  t  Milrj  riitoa  of  x  tucls  gyro  and  y  axis  gyro  to  keep  the 
p3ntform  In  level  uro,  i'o;;pcctively: 


V 

*x  “  -  -  ''e  ““  *c 

(2.41) 

'Vv 

t  ■  y—  +  w_  sin  A  cos  L 
y  Ku,  E  0  c 

(2.1*2) 

No  torqulng  rates  are  applied  to  azlauth  axis  •  z  .  The  x  axis  can  point 
any  place  at  any  time  during  flight.  Khowlng  Initial  eizlmith  angle  of 
platform  vo  can  find  deviation  from  noxth  at  a  later  time  by  the  known  rate 
(Ip  ■*■  Vg)  sin  In  the  equation  (2.35). 

TOie  ground  velocities  ,  and  keep  the  same  form 

of  the  expressions,  therefore,  the  linear  velocities  for  the  azlnuth  free 
platform  are: 

\  "  ^Gx  Vb  ^c  \ 

(2.1*3) 

(2.10*) 

^z  -  ^Gz 

(2.1*5) 

Applying  generalized  expressions  of  acceleration  to  a  platform  oriented 
tree  in  azlnuth  we  have  the  sensed  accelerations  along  axes  of  the  moving 
systemi 


Che 

'Gx  -  'Oz 


♦  2  V. 


^•c  Vb  ^e 


+  R|pV^  Bln  L_  cos  L_  cos  A_  +  0„ 


E 


(2.1*6) 
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y 

•y  -  V  -  V  2  “e  I’c  “•  -  ’'ox''e  •“>  ^0 


p  sin  L  COB  L  sin  +  0„ 
£i  o  c  c  y 


(2.47) 


and 


S  ■  ^0.  ^  ®  ’'e  'V  “•  *c  -  V  *.)«>•’  '■o 


Vi  h  * 


(2.1«8) 


rates t 


The  three  acceleroiaeters  should  be  torqiied  by  the  following  torqulng 


*e«  ■  -  -  ^0*) 


(2.1*9) 

(2.50) 


and 


*CCJ  ■  -  (»x  -  ''oz> 


(2.51) 


C.  GRID  PIATFOEM 

The  X  axis  of  the  platform  mokes  a  constant  angle  with  a 
particular  Initial  n;?r’ldlaa  at  any  time  during  flii^t  such  that  the  x  axis 
of  the  platform  stcys  in  parallel  planes  nonrnl  to  the  equator  during  flight, 
Thin  can  happen  •rfien  the  earth  rate  is  applied  to  torqiae  the  aziisith  a:dLs. 

The  angular  veloci-ty  along  z  axis  is 

w^  =»  -  Wg  sin  (2.52) 
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From  this  \je  have: 


-  ip  0ln  (2.53) 

The  X  axLo  deviates  ftom  north  direction  hy  angle  ,  •vAiich  la  the 

tii£^  Integral  of  tlie  ongulxir  rate  of  the  platform  vlth  reapect  to  the  earth 
surface;  therefore, 


/ 


Ip  sin  dt 


(2.54) 


Hi  this  case  ve  have  the  foUowtog  angular  velocities  In  the  terms  of 
ground  velocities: 


^  .  Vg  CO.  L,  M. 


GX 


-  w_  cos  L,  sin 

Jb  C  C 


(2.55) 

(2.56) 


and 


V  ■  -  w_  sin  L. 
Z  A  c 


(2.57) 
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TtM  torqjolng  r«bM  of  the  gyvost 


t  ■ 

X 


-  w. 


t„  ■  -  V . 


(2.58) 

(2.59) 


nd 


t  ■ 

B 


-  V 


(2.60) 


TheM  ratae  keep  the  plafefoxn  la  level  aod  eatiefy  the  grid  ooadltlOB. 


nie  equations  (2.h)  to  (2.6)  are  qpplied  for  the  grid  Igye  pletfbxm. 

The  growid  veloeitioa  are  the  oaM  as  In  the  eaaa  of  free  asijnitii 
platfbxa,  tharaforat 

^dx  “  V^e  oos  +  ij,  cos  sin  A^)  (2.6l) 


•!&  ooa  QOS  A^)  (2.62) 


and 


(2.63) 


Troei  theaa  equations  aa  haves 


/ 


- 1^"^“ - 


dt 


(2.6A) 


i  V-_  Sin  A.  +  V-  oos  A_ 


^Idt 


(2.65) 


and 


(2.66) 
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The  positlm  is  detexmliied  by  the  expreBsione  (2»6k),  (2.6$)  and  (2.66). 

The  ground  veXocltles  are  eonputed  from  the  aeoeleratl^  eQuatlona;  thoae 
ve  obtain  Introducing  the  eonditlona  of  the  grid  pla.tform  Into  the  eqnationa 
(2.11),  (2.12)  and  (2.13): 


*x  ■  ^0*  -  ''o.  ®  ''e  “>•  '•«  *.l 


♦  ®  "e  V  •*“  '•o  ♦ 


-  Bin  L  eoa  L  ooa  0 
E  0  OCX 


(2.6T) 


V  ■  ■  ''o.  “  "e 


'B’Ox 


-  2  V„y«„  aln  L_  -  R.»«u  aln  t  ooa  L  aln  +  0 

e  0  e  y 


E 


(2.68) 


V*  +  V* 


♦  Rgpi^  ooa*  4.  0^ 


(8.69) 


The  Xaat  too  terma  of  eadi  aviation  are  eompcnenta  of  the  granrlty. 

The  torvilng  altfutln  of  the  aooelaroaBtera  along  x  ,  y  and  a 

axaat 


-  ^a«)  (2.70) 

w  -  (V  - 

*00.  --(•.-  »0.)  (2-'^> 
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III«  MASS  ifflERACTIOH  VERTICAL 


Since  the  z  axle  coincides  vLth  the  nans  attraction  vertical 
the  cosgonentB  of  mass  attraetlm  acceleration  become 


«x-0 


and 


0-0 

y 


0,-G 


The  angle  between  gaooentrlo  vertical  and  mBaa  attraction  vertical  Is 


■  a^ 


The  latitude  beooaiea 


heading 


Taking  Into  account  all  those  ofsklltlona  we  use  generalized 
solutions  of  the  non-geocentrlo  vertical  to  analyze  any  orientation  of  a 
platfomi  villi  respect  to  the  north  direction* 


Apidylng  the  Inertial  velocities  for  naas  attraction  vertical  from 
(1*3?)  to  (1.37)  we  have 


«*  "w 'Sa 
Pm**  \ 


(3.1> 
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Ow  Inertial  aooeleratlone  In  the  tom  of  (l.4l)  to  (1*43)  be  Interporeted 
In  the  tenw  of  the  Inertial  -velooitles  anl  angalar  veloeitiee  as  foUows 


and 


iL  ■  +  w  V  -  w  V 

X  X  y  B  By 


a  +wV  "WV 
y  y  B  X  X  B 


(3.2) 


•b  -  ^B  *  Vy  -  Vx  *  ® 


Introducing  the  quantitiea  of  the  set  (3*1)  into  the  evutions  (3*2)#  the 
Inertial  aeeeleratlons  eieed  by  the  aooelsroBMrters  beeont 


S  ■  -  V  S.’  *  V  '"V"  '%  “•  •*“  V 

+  P^wj  sin  eoe  1^  oos  (3.3) 


V  ■  V  *  v  '**  Iw’  -  '^ot  “•  V 

-  P^vj  sin  oos  1^  sin  ^  (3.4) 


•b  "  ^Ob  “  V  l»y  -  oo*  V  *  V  ^’'x  ^ 


The  solutioa  of  the  differential  aviations  (3.3)  to  (3.5)  giTss 
the  ground  -veloeities 


and  y. 


Ob 


The  position  infonaation  is  obtainahln  ftoa  the  ground  -veloeitieSf 
shidi  axe  tisn  integrals* 
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!Qm  igttlar  TBioeltles  due  to  nese  ettreotlon  Tartleelt 

Wjg-.i^jBtoA^  +  iooeii^coel^^  (3.6) 

(3.7) 


i  slnl^ 


(3.8) 


BBoaUing  (l.3l)  for  nees  attreotion  vextieal  ve  have 

00s  L 
"  ®JP  ooB  ^ 

and  L  -  L  +  are  Bln  — JSs! - ]  (3.10) 

h  +  a(l  +  e“Bln*L 
m  1  CO' 


that  iB  Idantleal  vlth  the  flopreBBloa  (l*62)*  To  epmopt  latitudeB  L 

tt 

BBd  L  ve  can  uae  the  foonula  (1.3$). 

c 


A.  nOREE  SLAVED  FLAETFOBN 


At  aaor  time  thirl  ng  motion  the  x  bxLb  1b  not  Boparated  fTon  the 
north  direction;  azlmxth  angle  A  1b  zero.  Ibe  angular  ratea  of  the 
moving  syatem  hecomet 


'x* 


w  • 
J 


(3,21) 


(3.12) 


and 


z 


(3.13) 
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To  the  platform  In  level  end  In  proper  vertleallty  the  gyros  axe  tox^ed 
hy  the  foUovlng  rstest 


and 


(3.14) 


The  Inertial  velocities  due  to  the  aass  attraotlon  vertical  and 
0  from  the  eqiaatlons  (l<35}  to  (1*37)  aic^t  be  exporessed  In  the  fomt 


(3.15) 


V  >  V 
’z  ’^Oz 


idiere 


^EA  -  Pm^  \ 


(3.16) 


end 


V  *  **  o 
Oz  ^m 


The  Inertial  accelerations  of  the  xiorth  slaved  platform  become: 


"  Pn  Pn  ^ 


(3.17) 
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^EA. 

“y  -  ''eA  -  ''Oz  ‘-p;  ♦  2  ’'e  «'  Ifal  -  2  Ve  =*”  \ 


V  V 

''n'^ea 


m 


taa  L 


m 


(3.3J3) 


asd 


V*  +  V® 

S  ■  ^Oz  *  ®  ’'eA.’'e  ^  ««’  lb  +  0  (3.W) 


The  torqulug  rates  of  the  accelsroneters  are 


OCX 


ccy 


eez 


■  V 


(3.20) 

(3.21) 

(3.22) 


The  position  coordinates  are  determined  by  the  set  (3.l6)i 


1  V- 

/  ^dt 

to  » 


(3.23) 


'X  V, 


EA 


t^  \ 


dt 


(3.24) 
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end 


a(l  + 


slxT 


‘■co)' 


cos  L 


eo 


(3.25) 


vhere  and  are  related  by  the  aqioetlons  (1.55)  (3.3jO). 

The  headi^  angle  is  ooiqutad  by 


r  E^, 

^  ■  arc  tan 


(3.26) 


B.  FREE  AZBUEH  FIAZFOEM 

This  case  re^Eilrae 


V  ■  0 
s 


(3.26) 


Ottier  two  Inertial  anaalar  Tsloelties  axe 


y 

'x  ■ -r  *  **  «*  *w  0“  \i 


(3.2T) 


and 


(fit 


•  -  -  w_  cos  L  sin 

■  *  n 


(3.28) 


From  hexe  the  pletfora  aUgmnant  rates  axe  as  foUowst 


and 


-  w_ 


%  ■  ->  V 

y  y 


t  ■  0 


(3.29) 
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No  torqvilng  rates  exist  along  azimuth  axis.  The  platform  deviation  engl/* 
from  the  north  direction  Is  determined  by 


1  V. 


'V  -  {  ( Ib  +  ’'e  •!“  V  « 

fli 


(3.30) 


nie  inertial  velocities  hold  the  relatlonshlpe  of  the  set  (3.1). 

Supplying  the  azimuth  free  condition  to  the  ganeral  expressions  of 
the  Inertial  aoceleretlons  (3*3)  to  (3.5)  ve  obtain 


la 


*  Voy  \  \ 


(3.31) 


*y  "  V  *  ^0*  2  Vj,  ooa  cos  Aj 


“  Vox  \  -  Pm^  ^  ^  \ 


(3.32) 


and 


+  V* 

a_  -  V^_  +  ^  +  2  v;,V^  COB  sin 

Pm 


z  "  'Gz  '  p„  '  "  "E’Qx  \  V 


^  Voy  °°®  ^  «P®  \  Pm'^  P®®\  ° 


(3.33) 
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The  aeceleromaters  am  torq^ed  \ty  the  retest 


*cox  -  -  <N  -  W 


Accy  "  "  "  ^CSy^ 


(3.3^) 


sad 


A„.  -  .  (a^  -  V^) 


cez 


C.  ORID  HASFORM 

Ihe  eoodltloa  for  the  grid  platform  Is  described  In  the  section 
(2>F)j  qpeclfled  for  mass  attraction  vertical  It  gives  t 


(3.35) 


or 


•  • 


An  -  ^  \ 


Ihe  baegionents  of  the  angolsr  veloel^  alcaag  x  and  y  aaoes  arCf  reqpectlvely': 


''x  •  '"b  An  ®®®  An 


(3.36) 


and 


Qx 


- r  ■  "^B  °°®  An  An 


(3.37) 


The  Inertial  velocities  are  expressed  by  the  egnatlonB  (3.1). 

The  Inertial  accelerations  axe  obtained  from  the  general  esqpresslons 
(3.3)  to  (3.5)  specified  for  grid  platfozmt 


<St  -  ^0*  *  2  \  ♦  2  Vg  00.  IB  A|,] 


(3.38) 
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•V  "  V  ■  ^  Vox  ^  "  ^Gz  ®  \ 

•r  V 

-  p-^  lu  cos  sin  A_ 
u  £1  in  Bi  n 


(3.39) 


aiid 


V*  +  V* 

“*  -  ^0*  ^  2  Vox  \ 


"■  2  Voy  ■"  ®°®''  hn*  ^ 


(3.1*0) 
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IV.  QBODEPIC  VERTICAI 


The  vertical  taken  noxmal  to  the  surface  of  the  reference 
ellipsoid  represents  the  gravity  vector,  vhleh  is  resultant  of  the  mass 
attraction  and  the  centrifugal  force.  The  Choice  of  the  s  axis  along 
this  vertical  gives: 


“Sc’ V’® 

and 

8s  -8 

The  additional  conditions  for  the  gsodstie  vertical  are: 


“k-*P 

and 

Observing  all  those  oonditlons  the  angular  velocities  hold  the 
relationship: 


(I..1) 


ox 


(4.2) 


cn'l 


.  ^ 

'V ^ * ’'r 


(’*.3) 
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Tlie  tneirtlol  velocities  for  geotetlc  vertical  ere: 

\  -  ^OK  ^  «>«  “I"  Ap 

and 


(4.4) 

(4.6) 


vhaxe 

Vqjj  -  Pp  COB  Ap  4  ip  Pp  OOB  Bln  Ap  (4.7) 


and 

V  “  ■  ^  ‘'p  Bln  Ap  4  ip  Pp  COB  ooB  Ap  (4.8) 


ThB  Inartlal  aoeelaraitlOBB  eiqpreBBBd  In  the  tams  of  th*  ground  and  the 
angwler  veloeltlea  take  bIivIb  fom: 


•x  •  ^Ox  ’  V  V  *  ^0*  V 


and 


*.  ■  ^0.  -  ’'ot  '’V  -  ’'I  “•  •*“  V 

*  V  '’'x  *  V  * » 


(it-u) 


(tyro  towing  xmtaa: 


V- 


t  ■ 

s 


(4.02) 
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rmd  aocelerosster  torq^lag  slgaalBt 


*C«  ■  -  -  ^ox> 

V  ■  -  <‘y  -  V> 

*.«  -  -  (\  *  ♦o.) 


may  l>a  qpiplled  u  ijaSlMteA* 

A.  IKSaB  SLAVED  FLASTORi 

The  X  axis  la  alacvad  to  Uta  north  all  the  tlaa,  tharafbra 
Ap  ■  Ap  •  0  and  tha  angular  ratao  arat 

(k.lX) 

(<•.15) 

(■►.Ifi) 

Kw.  «d 


»  iV 


IV 


nxtroteoing  the  angular  ^elooltiaa  to  (^*16)  Into  toa  aqnatloiia 

(k,9)  to  (4.11)  va  hare  tha  aooalaxaitlonat 


-  V, 


H 


V^  taa 


h  Vot 


(4.17) 
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V  V  -  —  ^  *  Vb  -  '^0.  2  “• 


and 


V*  +  V* 


•  •  ♦ 

c  Os 


—  *  2  VjjV^  CO.  +  g 


B.  FREE  AZOATIH  PLAOVOm 


The  z  axis  la  not  tovq]aed>  tharafora 


V  •  0 

z 


Other  tvo  angjlar  TBlooltlas  arat 


- -a  ♦  00.  Ij  eo.  ily 


I& 

-y  Pp  '  '■E 


ZL-  •  -  •“  -  v«  ooa  aln 


The  Ixiertial  Taloeitlas  ava  glzan  hgr  the  avuKtlOBS  is  (%*6). 


Sahatltutlng  the  values  of  the  anmler  rates  (4.20)  to  (U 
the  equatlona  of  the  aeealerationa  (^.9)  to  (^.11)  ze  have: 


“x  -  ^Qx  *  Ve  S  -  ^Oz  ^  ^  ^ 


-  V  “  We  ^  -  ^Oz  2  Vjj  cos  ooa  Apl 


(4.19) 

(4.20) 

(4.21) 

(4.22) 

.22)  Into 

(4.23) 

(4.24) 
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Mid 


Z  2 

vi.  +  v: 


\  ■"  ®  V'b  »»  If  ■>!“  *p  ♦  2  DOS  008  Ap  (4.25) 


C.  OBID  PLAXFOBM 

Ihe  angulBtr  valoeity  of  the  plstfoan  along  z  aada  la 


-  -  ''b  ^ 


(4.26) 


Along  X  and  y  axes,  reapeotlvelyt 

^  ♦  Wj  008  00.  Ap 


(4.27) 


'Ox 


(4.28) 


The  eqiaatlona  (4.4)  to  (4.6)  dafiae  the  Inertial  valooltlaa. 


The  Inertial  aooelarationa  heocnat 


•!x  -  ^dx  *  2  am  [-ffi  ♦  2  Vjj  ooa  .in  Apl 


(4.29) 


-  V  ■  ^  Ve  -  ^0.  2  «>•  *4*  «« 


(4.30) 
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and 


2  We 


*  2  V^Wjj  eoa  cos  Ap  +  g 


(^.31) 
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V.  OOaCUBIOKI 

The  ooriblnatlOB  of  ftree  aslmth  end  gaodetle  verbleal  offers 
tbe  slivlest  fom  of  the  ■ethsaatioel  e^Biations^  siaee  It  Is  closely 
oomeeted  vlth  IdM  aetoel  altitude  and  ground  'velocities  of  'the  platfona 
and  only  'two  platform  torqulng  rates  are  requirad. 

The  types  of  Inertial  platfbms  described  In  this  pspsr  sre 
adequate  for  aodezmtely  bl|^  latitudes,  but  they  lead  to  inaeouracles 
idien  applied  to  oparatlons  over  the  polar  areas.  The  positional  and 
'velocity  Inaccuracies  In  this  ease  are  asaooiated  vith  ^  rapid  oonverganoe 
of  the  aeridlana  in  polar  areas.  Such  navigational  diffioultiea  can  be 
oorracted  ■athanatically  by  uae  of  relocated  pda  eqaatlona,  ehldb  eiU 
be  pMsanted  in  a  later  paper. 
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ty  V.D.  Laabart,  IftQr  1952 
Photogtagftiie  Raoonaalaaaaea  Laboratory 
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E7O-I9I,  5  Aoffiat  1957. 

g.  Tba  Barth  by  H.  Jafftaya 


1^7 


NAFI  REPORT  TR-31 


DISTRIBUglOg  LIST 


Chief,  Sureou  of  Haval  Weapons  t 

RAAV-322) 

RAAV-3222) 

,RAAV-2U) 

RAAV-3221) 

R»t}A>362) 

,HM-374) 

■  RAAV-32) 

RAAV-323) 

RAAV-5231) 

>13-3)  ^ 

RAAV-321) 

:RA-331) 


one 

one 

one 

tm 

two 

one 

one 

one 

one 

four{ 

one 

one 


1 

2 


'I 

’i, 

I 


OoBmandlng  Officer 

U.S.  Naval  Air  Developnent  Center,  JbbnsvlllB,  Penn. 


(EL-71) 

two  (2) 

Oomnender 

U.8.  Naval  Ordnance  Test  Station 

China  Lake,  Calif. 

Armed  Seirvlce  Technical  Information  Agency 

one  (1) 

ten(lO) 

(astia) 

d/031.2  (via  010,  020,  8OO  &  801) 

two  (2) 

D/900 

one  (1) 

D/830 

one  (1) 

D/820 

CO.  (1) 

d/823 

one  (1) 

T>/BZk 

one  (1) 

D/822 

one  (1) 

D/822  (Author) 

one  (1) 

copy 

copy 

copy 

copies 

copies 

copy 

copy 

c<W 

copy 

copies 

copy 

copy 


copies 

copy 

copies 


copies 

copy 

copy 

copy 

copy 

copy 

copy 

copy 


82  Anuary  1968 


■  R  R  A  T  A  S  H  ■  ■  T 


TO 


U.S.  RATAL  ATIONIOS  FACILirr 
IMDIAMAPOLIS  18,  IMDIAMA 

TBOHNIOAL  RIPORT 


RISIAROH,  BOIMBRIia,  A  TKIOIIOAL  ITALUATIOII 
DVARTHBITS 

Report  Ihaabor  TR-31  1  Fobmiory  1961 

mORTZAL  PLAITGRII  BOVATZOMS  (U) 


BOnffS  TASK  iasmmmt  no.  RAT39088/3111/^008>1S  008 


Prepared  byi 

I  i  i 

Peterls  Frlzevolts 
Matbeentloal  Analysis  Branoh 

Theoretloal  Researoh  Division  j  ..  'jq-'Q 

Applied  Researoh  Departownt  ~  • 

J  L 


REUASABLE  OKU  OB  SFECZPZC  AFIROTAL  OF  TBE  GHZV,  BDRBAO 
OP  RATAL  WEAFOBS. 


Papie  6  D.  Angular  Velooitias  (third  line) 
should  be 

Third  line  from  the  bottom 
Wp^  should  be  Wp^ 

Papifl  8  Elquatlon  (1.13)  should  bo 

1  ■=  Xe  +  Je  +  Ke 

12  0 

j  a  Inn^  + 

k  ■  In^  +  Jnjj  +  Kn^ 

Equation  (1.14)  should  be 

t  a  Te^  +  JOj.  + 

J  a  Im  +  Jm_  +  Km 

1  2  3 

e  _  _ 

k  =  Ift  +  Jn  +  In 

1  -'i  ;i 

p.^f;o  19  (Seventh  line  from  top) 

'platform  and  bearing  angle  (should  read)  bearing  angle  B 

Parro  27  C.  GRID  PLATFCPJJ  (Third  lino)  in  parallel  pl?,norr( should  read) 

parallel  end  disploood  . 

Page  41  (First  lino)  Change  "gootetio"  to  geodetio  . 

✓ 

Page  47  Reforonoes 


e.  W.A.  Koiskanen  (should  read) 
W.A.  Eolskanon  . 
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